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Abstract Recent advances in neuroscience have enabled increasingly detailed
insight into the activity and structure of brain circuitry. In previous work, we
have developed and applied methods for precisely controlling the activity of
specific cells and projections within neural systems during behavior (optogenetics).
Here I review distinct complementary technological approaches for observing
natural activity patterns in these cells and projections during behavior (fiber pho-
tometry) and for obtaining anatomical insights into the wiring and molecular
phenotype of these circuit elements within the intact mammalian brain
(CLARITY-optimized lightsheet microscopy). Together these approaches may
help further advance understanding of the circuit dynamics and wiring patterns
that underlie adaptive and maladaptive behavior.
Introduction
As we and others have noted (Tomer et al. 2014), a goal of modern neuroscience is
to map neural circuits with wiring-level resolution, with brainwide perspective, and
with knowledge of the natural and causal activity patterns occurring in these
circuits in the context of behavior. Principles fundamental to the understanding of
neural systems could result from such an integrative approach, but while progress
has been made, many challenges and opportunities remain. Here I review our recent
efforts to develop a recording technique sensitive enough to track the real-time
dynamics of genetically and topologically specified subsets of neuronal projections
in freely moving mice for direct in vivo measurement of a previously inaccessible
variable: the coordinated activity of neuronal afferents projecting to a particular
downstream target in the brain of a behaving animal (Gunaydin et al. 2014).
Complementing this technology for the observation of natural behaviorally evoked
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activity patterns, I review rapid light-sheet microscopy methods for the efficient
collection of high-resolution anatomical information within mammalian brains that
have been made transparent to light (and permeable to macromolecular labels) with
the CLARITY technology (Tomer et al. 2014). These two technologies can be
employed alongside optogenetic tools that, in turn, can define the causal roles of
these same projections in modulating behavior.
CLARITY
As we have described (Tomer et al. 2014), circuit wiring questions have attracted
attention from generations of scientists, beginning with Cajal’s detailed represen-
tations of neurons visualized at high resolution with the Golgi staining technique
while still embedded within semi-intact brain tissue. Over the last few decades,
electron microscopy (EM) has emerged as a foundational method for deciphering
details of neuronal circuit structure (Bock et al. 2011; Briggman et al. 2011). The
key advantage of EM in this regard (relative to light microscopy) is identification of
the presynaptic active zones containing neurotransmitter vesicles apposed to post-
synaptic structures. In addition, EM facilitates visualization of some of the very
finest branches of axons. However, EM tissue mapping requires relatively slow
steps involving ultrathin sectioning/ablation and reconstruction; most importantly,
the sample contrast preparation is largely incompatible with rich molecular
phenotyping that could provide critical information on cell and synapse type.
Ideally, datasets resulting from intact-brain mapping should be linkable to molec-
ular information on the types of cells and synapses that are imaged structurally and
even to dynamical information on natural activity pattern history (in these same
circuits) known to be causally relevant to animal behavior. Suitable light-based
imaging approaches, combined with specific genetic or histochemical molecular
labeling methods, have emerged as important tools to visualize the structural,
molecular and functional architecture of biological tissues, with a particularly
vital role to play in emerging brainwide, high-resolution neuroanatomy.
Confocal methods revolutionized light microscopy by enabling optical section-
ing in thick (tens of micrometers) fluorescently labeled samples, thereby allowing
3D reconstruction without the need for ultrathin physical sectioning (Conchello and
Lichtman 2005). Two-photon microscopy further increased the accessible imaging
depth (to hundreds of micrometers) even in living tissue samples (Helmchen and
Denk 2005), and adaptive-optics approaches have improved imaging depth further
(Tang et al. 2012). However, light microscopy remains limited for imaging
throughout intact vertebrate nervous systems (for example, mouse brains span
many millimeters even in the shortest spatial dimension and are opaque on this
scale, due chiefly to light scattering). A common work-around to this limitation has
been to slice brains into thin sections, in manual or automated fashion, followed by
confocal or two-photon imaging (Micheva et al. 2010; Ragan et al. 2012); however,
detailed labeling and reconstruction from thin sections have been (so far) limited to
20 K. Deisseroth
small volumes of tissue. An ideal integrative approach would be to label and image
entirely intact vertebrate brains at high resolution.
As a step in this direction, new methods have emerged to increase tissue
transparency (Dodt et al. 2007; Hama et al. 2011; Ke et al. 2013) by chemically
reducing the scattering of light travelling through the tissue sample. While intrigu-
ing and effective, these approaches are not generally suitable for detailed molecular
phenotyping, since most tissues (such as the intact mature brain) remain largely
impenetrable to macromolecular antibody or oligonucleotide labels (Kim
et al. 2013). In cases where pieces of soft tissue such as mammary glands can be
stained using hydrophobic clearing solutions that reduce lipid barriers to antibody
labeling (Ertu¨rk et al. 2012), fluorophores become highly unstable or quenched in
the clearing process (a step that nevertheless must follow the antibody-staining
phase, as transparency is otherwise lost; Ertu¨rk et al. 2012). These limitations
motivated the recent development of CLARITY (Chung et al. 2013; Kim
et al. 2013), which involves removal of lipids in a stable hydrophilic chemical
environment to achieve transparency of intact tissue, preservation of ultrastructure
and fluorescence, and accessibility of native biomolecular content to antibody and
nucleic acid probes. Subsequent screens for diverse hydrophilic lipid solubilization
compounds have been productive and can be integrated with CLARITY (Susaki
et al. 2014). The CLARITY technical platform enables multiple rounds of molec-
ular, structural and activity-history interrogation throughout intact adult mamma-
lian brains, which is relevant not only for neuroscience but also for research into
any intact biological system.
Clarifying Large Tissue Volumes
CLARITY (Chung et al. 2013) builds upon chemical principles to grow hydrogel
polymers from inside the tissue to provide a support framework for structural and
biomolecular content (Fig. 1). This is achieved first by infusing a cold (4 C)
cocktail of hydrogel monomers (for example, acrylamide with bisacrylamide, but
other types of monomers may also be used; Chung et al. 2013), formaldehyde, and
thermally triggered initiators into the tissue, followed by polymerization of the
hydrogel at 37 C. Formaldehyde serves the dual purposes of cross-linking amine-
containing tissue components to each other and covalently binding the hydrogel
monomers to these native biomolecules, which include proteins, nucleic acids and
other small molecules but not the vast majority of cellular membrane phospho-
lipids. After the hydrogel polymerization is triggered, lipids (responsible for
preventing access of both photons and molecular labels to deep structures) can
then be readily removed without destroying or losing native tissue components
using strong ionic detergent-based clearing solution (borate-buffered 4 % sodium-
dodecyl-sulfate) at 37 C, either passively with gentle recirculation or with active
electrophoretic forcing (the latter greatly accelerates clearing but introduces some
experimental complexity and risk). The resulting lipid-extracted and structurally
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stable tissue-hydrogel hybrid is immersed in a refractive index homogenization
solution to render the intact brain transparent to light (Chung et al. 2013).
An additional feature of the stable hydrogel-tissue hybrid is that it can be
subjected to multiple rounds of molecular interrogation (Chung et al. 2013). Typ-
ically, immunohistochemistry methods only allow investigation of two to three
biomarkers at once in a tissue sample, but more simultaneous labels are required to
define cells in terms of precise molecular/genetic identity, wiring, and activity
history. This limitation is traditionally approached by combining information
from multiple samples into a standard reference atlas. However, this strategy fails
to fully phenotype individual cells, cannot capture the joint statistics among the
different kinds of labels within a single preparation, and suffers from 3D alignment
artefacts and variability among different individual tissue samples. By allowing
multiple rounds of histochemical labeling and elution in the same tissue, CLARITY
provides unusually rich access to molecular and structural information (Chung
et al. 2013).
This extensive lipid removal intrinsic to CLARITY appears to be essential not
only for transparency but also for achieving efficient antibody penetration through-
out intact brains; this stringent de-lipidation would normally be a destructive
process causing extensive loss of biological molecules (Chung et al. 2013), but it
Fig. 1 CLARITY pipeline overview. The tissue sample, e.g. an intact mouse brain, is perfused
with cold hydrogel monomer solution that contains a cocktail of acrylamide, bisacrylamide,
formaldehyde and thermal initiator. Formaldehyde mediates crosslinking of biomolecules to
acrylamide monomers via amine groups; the presumptive chemistry of this process is shown.
Hydrogel polymerization is initiated by incubating the perfused tissue at 37 C, resulting in a
meshwork of fibers that preserves biomolecules and the structural integrity of the tissue. Lipid
membranes are removed by passive thermal clearing in SBC solution at 37 C or by electropho-
retic tissue clearing (ETC). The resulting intact tissue-hydrogel hybrid can undergo multiple
rounds of molecular and structural interrogation using immunohistochemistry and light micros-
copy. A dedicated computational infrastructure is needed to analyze and store the data. Figure and
text adapted from Tomer et al. (2014)
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is enabled by the hydrophilic hydrogel-tissue hybrid in a way that also preserves
fine processes and ultrastructure even over multiple rounds of staining and elution
(Chung et al. 2013). Many variations are possible and will continue to be explored;
the “CUBIC” screen (Susaki et al. 2014) recently provided an intriguing diversity
of additional hydrophilic lipid solubilization reagents, including aminoalcohols that
can be used in CLARITY protocols (Susaki et al. 2014), though it was noted that the
aminoalcohol incubation leaves behind significant lipid content in the tissue (Susaki
et al. 2014), such that lipid-rich structures including white matter remain partially
opaque. Also, the approach may not allow antibody penetration for molecular
labeling and resolution of fine processes deeper than 0.5–0.8 mm into mature
brain tissue (Susaki et al. 2014). The ETC process (though not essential even for
whole-mouse-brain CLARITY, as in a typical 3-week passive-CLARITY approach
that achieves full transparency and antibody access) still accelerates de-lipidation
and might, therefore, help enhance an aminoalcohol approach to CLARITY, though
this remains to be seen and will depend on the size and charge of the resulting lipid-
containing particles.
CLARITY-Optimized Light Sheet Microscopy
Not only the speed of de-lipidation but also the speed of imaging is crucial for
CLARITY. While confocal and two-photon microscopes have been the workhorse
systems in volumetric imaging for the reasons described above, over the past two
decades light sheet fluorescence microscopy has emerged as a powerful approach
for high-speed volumetric imaging. Confocal and two-photon microscopies are
point-scanning techniques, detecting optical signals point-by-point to construct an
image. Confocal achieves optical sectioning by the use of a pinhole at the detection
focal plane to reject out-of-focus light, whereas two-photon utilizes the fact that
only simultaneous absorption of two photons results in fluorescence emission, an
event much more likely to occur at the point of highest light intensity in the sample
(the focal plane). Light sheet microscopy, in contrast, builds upon a 100-year-old
idea to illuminate the sample from the side with a thin sheet of light and detect the
emitted fluorescence signal with an in-focus orthogonally arranged objective
(Siedentopf and Zsigmondy 1903; Huisken and Stainier 2009). The optical section-
ing is achieved by the confinement of illumination to a selective plane, which
allows use of fast CCD or sCMOS cameras to capture the whole image simulta-
neously, and results in an increase of 2–3 orders of magnitude in imaging speed
compared to confocal and two-photon microscopy. Moreover, light sheet micros-
copy minimizes photo-bleaching by confining illumination to the plane of interest.
Taken together, these properties of light sheet microscopy may be well suited for
the imaging of large clarified samples, consistent with its previously demonstrated
utility for minimizing unnecessary illumination.
For high-speed collection of imaging data from large clarified volumes, COLM
is 100–1000 times faster than conventional scanning methods, leading to vastly
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decreased photo-bleaching (Tomer et al. 2014). The properties of COLM are not
only useful for mouse brains but also will be particularly relevant for maintaining
this high cellular and subcellular resolution at practical speeds in brains from
larger-brained organisms. The fast COLM approach described here for clarified
intact mouse brains maintains high resolution even 5–6 mm deep in tissue using the
0.95 NA objective; ultimate resolution in any light microscope, of course, remains
limited by the laws of diffraction (λ/2NA¼ ~180 nm), but the emergence of super-
resolution (or “diffraction unlimited”) imaging methods, such as STED/RESOLFT
and PALM/STORM, could in the future allow a further four- to fivefold improve-
ment in achievable resolution.
We assess the compatibility of clarified samples with light sheet, observing
greater than two orders of magnitude faster imaging speed (Tomer et al. 2014)
with minimal photo-bleaching results (Fig. 2). For example, it was possible to
image an entire mouse brain in about 4 h using a 10 magnification objective
and in about 1.5 days using a 25 objective, as opposed to many days and months,
respectively, with a confocal microscope. COLM is especially well suited for
interrogation of large tissue samples labeled with transgenic or histochemical
Fig. 2 Fast high-resolution imagingof clarifiedbrain usingCOLM.A3.15mm 3.15mm 5.3mm
volume acquired from an intact clarified Thy1-eYFP mouse brain using COLM with 25 magnifi-
cation; the brain had been perfused with 0.5 % acrylamide monomer solution. The complete image
dataset was acquired in ~1.5 h; for optimal contrast, the LUT of zoomed-in images was linearly
adjusted between panels (a) and (b), magnified views from the panel (c) region defined by yellow
squares (d–i), maximum-intensity projections of over a 50 μm-thick volume, as shown by the
progression of cyan and yellow boxes and arrows. A camera exposure time of 20 ms was used;
refractive index liquid 1.454 was used as the immersion medium. All scale bars: 100 μm. Figure and
text adapted from Tomer et al. (2014)
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approaches. The increased speed of acquisition and higher quality of data generated
via CLARITY using new microscopy methods, combined with high-speed CLAR-
ITY processing itself enabled by efficient tissue transformation protocols, define a
versatile and efficient platform for structural and molecular interrogation of large
and fully assembled tissues (Tomer et al. 2014).
As a final comment for future work, we note that very large datasets result from
this new capability for high-speed imaging of large tissue volumes at high resolu-
tion, and extensive innovation will be needed in image analysis and data manage-
ment (for example, if the intact 0.3 cm3 mouse brain is represented by
0.5 0.5 0.5 cubic-micron 16-bit voxels, at least 4.8 terabytes of raw data result).
Fortunately, big-data and high-performance computing have led to advanced
image-compression technologies such as JPEG 2000 3D, increased computational
capacity with GPU parallel computation technology, and cloud infrastructures
(such as Amazon S3) for data storage and sharing. We expect that the integration
and application of these methods to CLARITY (Tomer et al. 2014) will allow
increasingly complete access to, and understanding of, the molecular and structural
organization of large intact tissues.
Tracking Activity in Deep Genetically Targeted Neurons
of Behaving Animals
To observe not only the structure but also the real-time activity of specified neural
cells and projections, we developed a method termed fiber photometry, with a
simple design (only a single multimode optical fiber), suitable for recording from
deep brain structures and sensitive enough to detect activity changes not only in cell
bodies but also in axons during behavior, where signals are considerably smaller
(Gunaydin et al. 2014). This fiber photometry (light measurement with a single-
fiberoptic device sensitive enough to detect activity in axonal fibers) relies on a
lock-in amplifier and a high-sensitivity photoreceiver along with custom software
to record (through an implanted 400 μm optical fiber) the population activity of
neural circuit elements expressing a genetically encoded Ca2+ indicator (Fig. 3).
The single fiber allows chronic, stable, minimally disruptive access to deep brain
regions and interfaces with a flexible patchcord on the skull surface (Gunaydin
et al. 2014).
For cell type-specific recording of Ca2+ transients—a proxy for certain neural
activity—we injected a Cre-dependent adeno-associated virus (AAV) carrying the
GCaMP5g gene into VTA of transgenic TH::Cre mice and implanted an optical
fiber in VTA for simultaneous delivery of 473 nm excitation light and collection of
GCaMP5g fluorescence emission (Gunaydin et al. 2014). Activity-dependent fluo-
rescence emitted by cells in the volume was collected simultaneously; after prop-
agating back through the same patchcord used to deliver excitation light, this
fluorescence was spectrally separated using a dichroic, passed through a single
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band filter, and focused onto a photodetector. To first test if this system would be
capable of detecting VTA activity in a temporally precise manner, we recorded
Ca2+ signals in VTA neurons of TH-GCaMP mice given access to sucrose solution,
an established natural reward. Sucrose consumption was assessed using a contact
“lickometer,” which registered an event every time the mouse completed a circuit
from a metal spout to a metal operant chamber floor, time-locked to the Ca2+
recording. This setup enabled readout of the VTA response with temporal precision
on the order of milliseconds. VTA signals were tightly correlated in time with onset
of licking bouts and habituated over recording epochs (Gunaydin et al. 2014).
Neural Activity that Encodes and Predicts Social Interaction
Next we applied fiber photometry during same-sex social interaction. We recorded
from the VTA of female mice during home-cage social interaction, in which a novel
social target mouse was introduced into the test mouse cage for a 5-min epoch, and
video time-locked to the VTA GCaMP signal was collected (Gunaydin et al. 2014).
Upon introduction of the social target, we observed a marked increase in activity of
the targeted VTA neurons during interaction with this novel mouse. Such activity
was absent in the eYFP control, indicating that observed transients were Ca2+
Fig. 3 VTA-NAc projection activity encodes social interaction. Area plots, smoothed behavioral
score: %total Ca2+ peaks representing specific social target-related and novel-object behaviors
during VTA cell body (top) and VTA-NAc projection (bottom) fiber photometry (5 min; n¼ 10
and n¼ 11 mice, respectively). Arrows: target introduction. Note encoding of social interaction by
VTA cell body and VTA-NAc projection activity. Figure and text adapted from Gunaydin
et al. (2014)
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signals and not motion artifacts (Gunaydin et al. 2014). In separate trials, we
exposed test mice to a novel object placed in the home cage (counterbalanced
with novel-mouse exposure). Nevertheless, VTA activity in response to the novel
object resembled peak VTA activity during social interaction, with similar ampli-
tude (mean peak dF/F during interaction: 16.4 % 2.1 % SEM for social, 13.7 %
 1.4 % SEM for novel object, n¼ 10; Wilcoxon signed-rank test, p¼ 0.5).
While these data were consistent with hypothesized importance of the
VTA-NAc projection in social behavior, direct observation of endogeneous activity
in the projection during social behavior remained lacking. This would require
measuring a previously inaccessible but fundamental neural circuit quantity: native
activity in a specific projection during behavior. Fiber photometry was designed for
this technical challenge, and we next tested real-time tracking of Ca2+ transients in
genetically specified VTA inputs to NAc. Using TH-GCaMP mice, we implanted
an optical fiber in medial NAc to detect activity specifically in axon fibers
corresponding to the projection in question during home cage social interaction
and novel object investigation (Gunaydin et al. 2014).
We observed robust GCaMP signals across many social interaction bouts, demon-
strating that fiber photometry could be used to selectively record from neuronal
projections during behavior (Gunaydin et al. 2014). We observed smaller projection
activation to novel object (n¼ 11, Wilcoxon signed rank test, mean peak dF/F: 6.9 %
 1.4 % for social, 3.5 % 0.7 % for novel object, p¼ 0.016). Stronger encoding of
social than of object interactions by the VTA-NAc projection (not seen at the cell
bodies) supports the hypothesis that there are distinctly wired relevant subpopulations
of VTA neurons. We sought to capitalize on this ability to track projection activity
during behavior by probing in greater detail the encoding of specific behaviors by the
VTA projection to NAc (in comparison with activity in VTA cell bodies) using
multifactorial high-resolution quantitative behavioral assessment. We first employed
an automated peak-finding algorithm to detect all Ca2+ peaks throughout the 5-min
testing period, blind to mouse behaviors, for social and novel object conditions during
both VTA cell body and VTA-NAc projection recordings. Next we automatically
segmented video clips centered (1 s) around the time of each Ca2+ peak and scored
video segments for interaction, approach, withdrawal, ambulation, grooming, rest,
burrowing, rearing, and head extension (Gunaydin et al. 2014).
Area plots of all VTA-DA Ca2+ peak times subdivided by behavioral category
(Fig. 3) allowed direct comparison of total peak activity over time attributable to
each category, including as a percent of total overall Ca2+ peak activity (Gunaydin
et al. 2014). In the social case, a larger proportion of total Ca2+ peak activity
occurred during interaction for VTA-to-NAc projections than for cell bodies,
supporting the conclusion that this projection more selectively encodes social
interaction than does the cell body signal. For novel object behavior, both cell
bodies and projections poorly encoded approach or interaction; interestingly, while
the VTA cell bodies seemed to strongly encode withdrawal from the object, the
VTA-NAc projection only weakly encoded this specific behavior (Fig. 3). Across
the entire 5-min testing period, VTA-NAc projections showed a decreased propor-
tion of Ca2+ peak activity (compared with VTA cell-body data) occurring during
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target-relevant behavior (accounted for by withdrawal) in the case of novel object
but not social behavior (Fig. 3). These data together support the conclusion that
VTA-NAc projection activity represents a signal with specific importance to social
behavior relative to object interactions (Gunaydin et al. 2014). Not only is this
projection-specific activity parameter especially predictive in behavior (Fig. 3) but
projection-specific activity is also in general particularly important for causal
elicitation of complex behaviors (Deisseroth 2014). Therefore, this new ability to
directly measure the activity of projections between brain regions provides a
potentially relevant source of data on the behaviorally significant dynamics of
information flow (Deisseroth 2014).
Outlook
We have developed and applied two new methods, fiber photometry and COLM,
for direct measurement of the activity and structure of specified neuronal afferents
projecting to a particular downstream target. Together, these results demonstrate
the integrative value of complementary optical techniques in causally mapping
specific projections and postsynaptic targets within neural circuitry. Projection-
specific optogenetic manipulations complement the specificity of fiber photometry
and COLM by enabling control of the corresponding projection dynamics. This
approach may suggest circuit-based targets for further research into physiological
or neuropsychiatric disease-related symptoms and may be generally applicable for
investigation of specific circuit elements in mammalian behavior.
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